The SIMOX formation process has been studied with ESR,
Introduction
Silicon on insulator materials show much promise as high speed, radiation-hard alternatives to more conventional Si technology. One very promising approach to achieving dielectric isolation has been the implantation of large doses (-2 x 1018/cm2) of oxygen into Si (i.e. the SIMOX process). With high temperature annealing, this forms a buried oxide layer under a thin layer of device quality Si. Electron spin resonance (ESR), infrared spectroscopy (IR) and photoluminescence (PL) have provided a great deal of information about the structure of SiO2, damage centers in bulk Si, defects in Si02, and defects at Si-Si02 interfaces. In this work, samples with a range of annealing and implant conditions have been examined. ESR is used to probe residual point defects and radiation-induced defects in the top Si layer and in buried oxide layer, IR is used to determine the stoichiometry of the buried oxide and PL is used to monitor changes in the dislocation structure.
A summary of the samples used in various measurements is given in Table I . They are all n -and ptype (100)Si (resistivities between i and 200 Q1-cm.) which were implanted with 0.5 to 2.6 x 1018/cm2, 150 keV, 160 keV or 180 keV through a screen oxide -700 thick at 450°C to 575°C. Samples were annealed in dry N2 or Ar at T = 500°C to 1275°C. The samples were uncapped during the anneals and at the higher temperatures (T > 1150°C) 2%0O 2 was added to the annealing ambient to prevent pitting. The ESR measurements were performed on a Varian E9 x-band spectrometer at T = 4.2K to 300K. The neutral phosphorous donors in three n-type samples served as standards both for calibrating the intensity of the defect lines and for determining their positions. The SiOH were examined with an attenuated total internal reflection, ATR, setup. The silicon trapezoids needed by ATR were fabricated from implanted wafers. PL data was collected from 2K to lOOK using the 476.2 nm line from a Krypton laser and a cooled Ge detector. TEM samples were prepared by mechanical grinding and ion milling and examined with a Phillips 420 STEM.
Brightfield cross-sectional TEM micrographs are shown in Fig. 1 interface and backbonded to three other Si atoms. The Si E' center has also been studied and it has been established that the ESR signal is due to a trivalent Si atom backbonded to three oxygen atoms in the SiO2 2 In this work the ESR measurements focus on these two intrinsic centers in the SIMOX material.
The Pb center in these materials was first observed by Barklie et al.4 who deduced that these were due to Pb-like centers at the interfaces of Si and the Si02 precipitates. Subsequent resolution of the 29Si hyperfine interaction by Carlos6 confirmed this deduction. Fig. 2 shows the spectra of a SIMOX sample implanted with 1. As previously mentioned the primary change in the spectra with annealing is a decrease in defect density. The areal density of Pb centers as a function of anneal temperature (all for 5 hours in Ar) for two samples (implanted with 2.6 x 1018/cm2 at T = 450°C and with 5 x 1017/cm2 at T = 5000C) is shown in Fig. 3 . The defect density is somewhat higher for the lower implantations, presumably because the precipitate area is higher. We further note that the ratio of concentrations between the low and high dose samples reported.1618 The ESR active feature of all is a trivalent Si atom backbonded to three oxygen atoms and with an unpaired electron in the fourth sp3 orbital. For this phase of the work SIMOX samples were x-irradiated using a tungsten source. No effects of applied bias across the buried oxide layer were observed and so the work reported here was primarily performed on samples which had no bias applied during irradiation.
After irradiation, we observe an ESR signal, shown in Fig. 4 that is similar to a Si E' center. The principal g-values of the E', center, most commonly induced by irradiation are shown in the figure for comparison. We note that while the high field portion of the spectra coincides with that for the E', center, the strong feature at H = 3.28 kG is very near the position expected for a free electron (g = 2.0023).
Similar lineshapes have been observed in x-irradiated thermal oxides18 and Cl-rich bulk a-SiO217 and attributed to variants of the E' center. Griscom Fig. 5 . The highest vibrational frequency is a stretching mode and is near 1090 cm-1. The oxygen motion with respect to its silicon neighbors is in the Si-O-Si plane and is parallel to a line between the Si atoms. The 800 cmis a bending mode; the oxygen motion is also in the Si-O-Si plane but is perpendicular to the line between silicon atoms. The lowest frequency is near 450 cm-l and is due to a rocking motion in which the oxygen atom moves perpendicular to the Si-O-Si plane. The small peak at 600 cm-l is due to a crystalline silicon absorption. In Fig. 6 The average stoichiometry is labeled on the right of Fig.  6 . The 600°C data is representative of the buried oxide after implantation. As the implant dose is increased from 0.5 x 1018/cm2 to 2.3 x 1018/cm2 the stoichiometry increases from x = 1.4 to x = 1.6, showing that the higher doses have more complete oxide formation during implantation. Since the anneal time at 600°C is longer than the implantation time, the longer time needed to implant the larger dose is not a factor. It is interesting that the stoichiometry is below SiO2. When doses of 1 x 1018/cm2 and larger are implanted, the peak in the oxygen profile exceeds the concentration necessary to produce Si02. However, it is observed that the oxygen in the peak concentration region migrates to the wings of the profile curve producing an oxygen distribution centered about the average implant range but with a flat top and steep side walls.12 The IR data shows that the diffusion of oxygen from the peak region is so large that the remaining concentration is below SiO2 stoichiometry.
Observing the stoichiometry as the annealing temperature is increased to 1150°C, a qualitative difference is seen between doses < 1.0 x 1018/cm2 and those > 1.4 x 1018.
Only the higher doses converge to a stoichiometry approaching thermal oxide. The lower doses produce an inferior buried oxide layer if they produce one at all. Above 1150°C the data is limited, but it indicated the stoichiometry is roughly constant. The decrease in the stretch mode frequency of the open squares between 1150°C and 1275°C is probably due to strain. The linewidths support this conjecture; at 1150°C the linewidth is 90 cm-1 and it is the same to within experimental error at 12750C, 89 cm-. The line widths also support the assertion that the buried oxide layer is not quite SiO2 stoichiometry since the line width of thermal oxide is 75 cm-1. The dislocations in CZ silicon produce strong lines or broad bands in the region of D1 and D 2 and much weaker features in the spectral range of D3 and D4. These spectral features do not depend upon the dopant type but are sensitive to the oxygen content and annealing conditions. While it would be natural to assume that oxide precipitates play a dominant role in producing SIMOX photoluminescence, as discussed below, this may not be the case.
In Fig. 7 and Fig. 8, we show that SIMOX exhibits a D line spectra. Fig. 7 gives spectra from a sample whose implant dose is 2.3 x 1018/cm2 and annealed at 800°C, 1000°C and 1150°C. There is a broad peak centered at D1, 0.81 eV, and a shoulder at D2, 0.87 eV. As the annealing temperature increases from 800°C to 1150°C the lineshape changes but not significantly, while the intensity increases by a factor of 15. Over the same annealing range, the intensity of the free exciton transverse optical, TO, mode and the intensity of the electron-hole droplet luminescence is decreasing. This indicates that the number of dislocations responsible for the D1, D2 peak is increasing and that the increased intensity of the D lines is not due to a decrease in non-radiative centers. In the later case, the intensity of the free exciton TO mode and electron-hole droplet lines would also increase at higher annealing temperatures. Over the same temperature range the ESR results show that the surface area of oxide precipitates is decreasing two orders of magnitude. Thus, it is unlikely that the luminescence is from dislocations caused by precipitates in the superficial layer. Also, over the same annealing range, the spectra from CZ silicon have much greater changes in linewidths and relative line intensities. It is interesting to note that the lineshape in the D 1, D 2 region is similar to the spectra from MBE silicon indicating that the luminescence is from misfit dislocations between the SIMOX layers.
As the annealing temperature is raised above 1150°C different spectral features do appear. In Fig. 8 the other sample), the spectra at 1150°C are very similar;
there is a broad D 1 line and a shoulder at D2. The 1275°C spectrum is very different. The intensity at D1 has disappeared into the broad baseline while D 2 has increased. Additional smaller peaks have been introduced at D4, 1.00 eV and at 1.03 eV. While the IR results show that the stoichiometry of the oxide is nearly constant above 1150°C, PL shows that there are significant structural changes. Also, while the TEM photographs show that the superficial silicon layer has much less damage at 1275°C, the photoluminescence intensity is very similar at both temperatures. From these results, it is clear that PL offers a key to understanding the dislocation structure of SIMOX although more work remains to be done.
Conclusions
In conclusion, three spectroscopic techniques have been used to study the annealing behavior of SIMOX. ESR has been used to examine Pb and radiation induced E' point defects that are sources of interface states and trapped oxide charge, respectively. By counting the number of Pb centers, it is possible to track the surface area of oxide precipitates versus annealing temperature. When the oxygen dose is sufficiently high to form a good buried oxide, the surface area decreases by at least 3 orders of magnitude, whereas the decrease is only one order of magnitude if the dose is too low. IR has been used to measure the oxide stoichiometry. It is known that during implantation oxygen from the peak projected range migrates to the wings of the distribution. 
